It is important to understand how climate change and increased atmospheric nitrogen (N) deposition over the past decades have affected the productivity of different grassland types. High-elevation grasslands are sensitive to human activities and climate change, however little is reported about the effect of temperature, precipitation, and N deposition on productivity. For monitoring long-term changes in productivity, four ungrazed sites were established in 1984 in a high-elevation grassland of the Tianshan mountains in central Asia and grassland productivity was measured over z2À3 decades. In addition, a site with four N addition treatments was established in 2009. We conducted an 8-yr experiment in which nitrogen was added in the high-elevation grassland. These results show an aboveground net primary production (ANPP) increase in both spring and the peak growing season at ungrazed sites with increasing temperature and precipitation in the past 30 yr. ANPP of grasses and total grasses and forbs were strengthened by increased N deposition, especially when heavy snowfall was accompanied by higher spring and growing season temperatures. ANPP of total grasses and forbs was significantly correlated with snowfall. High-elevation grasslands are clearly susceptible to climate change and N deposition.
Introduction
Global warming, changing patterns of precipitation, and nitrogen deposition increase are significantly altering terrestrial net primary production (Knapp et al. 2002; Heimann and Reichstein 2008; Henry et al. 2015) . Grassland is one of the largest terrestrial biomes, and its primary productivity is mainly driven by climatic conditions and nitrogen availability (Ciais et al. 2005 ). An increase in moderate temperature is beneficial to aboveground net primary productivity (ANPP). The contribution of temperature to ANPP was highest under mowing once per year at the end of the growing season (Bernhardt-R€ omermann et al. 2011) . ANPP responded positively and significantly to warming-induced high plant diversity in a long-term biodiversity experiment, with plant diversity levels maintained by hand weeding, at the Cedar Creek Ecosystem Science Reserve in Minnesota, United States (Cowles et al. 2016 ). However, warming did not influence ANPP in a field experiment of an alpine grassland on the Tibetan Plateau (Ma et al. 2017) , suggesting increasing temperature may produce different results on grassland productivity.
Grasslands are also one of the most sensitive ecosystems to changes in precipitation (Knapp and Smith 2001) ; thus, understanding of the influence of precipitation on ANPP is important in predicting climate change effects on grassland ecosystems. Characteristics of precipitation remarkably affected the long-term dynamics of productivity, including seasonal distribution, drought, and snowfall (e.g., precipitation between January and July is the primary climatic factor causing fluctuations of community production in a temperate grassland in Inner Mongolia, China) (Bai et al. 2004) . Droughts have decreased net primary productivity in the southern hemisphere (Zhao and Running 2010) , but satellite observations of vegetation growth show no statistically significant changes (Samanta et al. 2010) . Grassland sensitivity to nitrogen addition varies between ecosystems. N addition initially increased aboveground biomass but led to a gradual decrease in productivity with time (Tilman et al. 1996; Bai et al. 2010; Isbell et al. 2013) . However, N deposition had no effect on long-term ANPP in subalpine grassland in Greater Yellowstone National Park (Brookshire and Weaver 2015) . The threshold for an N-induced increase in productivity loss varied between grassland types (Tang et al. 2017) .
Interaction between climate change and N deposition is an increasingly more important issue in grassland ecosystems. Grassland biomass increases with increasing water, nutrient availability, and temperature, with water availability being the primary control factor (Knapp and Simth 2001) . Field experiments have provided a means of examining warming, water availability, and how N deposition increased affects grassland productivity.
Continuous field monitoring of ANPP is essential to understand the relationships among ANPP, climate factors, and N deposition in grassland ecosystems and predict the effects of global change on natural grassland ecosystems. High-elevation grasslands are sensitive to climate change and human activities, whereas little is reported on the ANPP. In order to better understand how ANPP in high-elevation grasslands respond to the effects of temperature, precipitation, and N deposition, a long-term productivity monitoring experiment and an 8-yr productivity experiment with four N addition treatments were conducted in alpine grassland of the Tianshan mountains in central Asia. This paper aims to quantify the responses of ANPP to climate change and N deposition by direct and long-term field observations in high-elevation grassland.
Methods

Study Sites
This study was conducted in the Bayinbuluk high-elevation grasslands of the central Tianshan mountains of Central Asia (42 18 0 À43 34 0 N, 82 27 0 À86 17 0 E), which cover a total area of z23 000 km 2 . The grassland, with a mean altitude of 2 500 m above sea level (a.s.l.), is surrounded by mountains. Mean annual precipitation (MAP), total snowfall between late October and April of the subsequent year (SNOW), and total precipitation (snow and rain between late October and July of the subsequent year, TP) averaged 284.1 mm, 35.3 mm, and 197.6 mm, respectively. Initial growth of plants greenness is tightly coupled to snowmelt time in the highelevation grasslands with long winter time. With the limited period of plant growth, therefore, TP could affect the dynamic of peak productivity. Mean annual temperature (MAT), spring temperature from late April to May (ST), and mean growth season temperature from late April to July (GT) averaged e4.1 C, 5.1 C, and 8.2 C, respectively. The lowest mean monthly temperature was measured in January (e27.4 C) and was highest in July (11.2 C). For monitoring long-term changes in ANPP, four ungrazed sites size 20 m Â 20 m were established between 2 436 m and 2 901 m in 1984 (Table 1, aÀd) . For the N application experiment (see Table 1 , e), a site was established in 2009 at the Bayinbuluk Grassland Ecosystem Research Station, Chinese Academy of Sciences (42 53.1 0 N, 83 42.5 0 E, 2 467 m a.s.l.). Four N addition treatments existed: 0 (TR1), 10 (TR2), 30 (TR3), and 90 (TR4) kg N ha À1 yr À1 . Each treatment included four plots (each 4 m Â 8 m with a 1-m wide buffer zone). N fertilizer as NH 4 NO 3 was added to all plots in late May and June each yr from 2009 to 2016. During each application, NH 4 NO 3 was weighed, dissolved in 8 L water, and applied to each plot using a sprayer to evenly distribute the fertilizer. The grassland was dominated by perennial herbs, and plants were sorted into grass (Stipa purpurea, Festuca ovina, Agropyron cristatum) and nongraminoid frob (Koeleria cristata, Kobresia capillifolia, Carex stenocarpa, Carex melantha, and Polygonum viviparum).
Biomass Sampling
At four sites of long-term monitoring, biomass was harvested by clipping all the vegetation in three random 1 m Â 1 m quadrats in the period between 25 and 28 May (for early growth) and again in July (for peak growth) each year. At each plot where nitrogen was added, biomass was harvested from a 1 m Â 1 m quadrat in each plot and classified into grasses and forbs at the end of July each year of the experiment. All plant samples were dried at 75 C for 48 h and weighted.
Data Analysis
To determine relationships among ANPP, temperature, and precipitation, we performed correlation, linear, and multiple regression analyses using SPSS version 16.0 (IBM, Armonk, NY). Analysis of variances (ANOVAs) were used to test for main and interactive effects of year and N addition on ANPP. The rate of change of MAT, ST, GT, MAP, TP, and SNOW was determined from the slopes of linear regression equations. Correlations between ANPP during early growth (the green-up period) and ST and ANPP during peak growth and GT and TP were obtained using Pearson correlation analysis. All figures were drawn using Origin software 7.5 (OriginLab, Northampton, MA).
Results
Climate Change Over the Study Period
Monthly temperature and precipitation were recorded at the local weather station. Over the 1984e2013 study period, mean annual temperature (MAT) and mean annual precipitation (MAP) ranged from À1.81 to À6.38 C and from 208.9 to 406.6 mm, respectively. MAT was 0.07 C per year (see Fig. 1, d) , spring temperature from late April to May (ST) was 0.06 C per year (see Fig. 1 , e), and growth season temperature from late April to July (GT) was 0.04 C per year (see Fig. 1 , f). MAP significantly increased ( Fig. 1, a) , precipitation between late October and July of the subsequent year (TP) increased (P ¼ 0.030, 42% above and 40% below the multiyear average (197.1 mm) excluding 1994 and 2003, Fig. 1, c) , and total snowfall between late October and April (SNOW, Fig. 1, b ) fluctuated from 14.2 to 72.2 mm.
Long-Term Patterns of Productivity During Early and Peak Growth
Over the study period, ANPP during early growth (when plants "green up") at the four ungrazed sites increased significantly at a rate of 0.7 g m À2 yr À1 , 0.6 g m À2 yr À1 , 1.1 g m À2 yr À1 , and 1.1 g m À2 yr À1 (Fig. 2, aÀd) . ANPP during peak growth also increased significantly at a rate of 1.1 g m À2 yr À1 , 1.3 g m À2 yr À1 , and 1.5 g m À2 yr À1 (see Fig. 2b , 2c and 2d, excluding Fig. 2a ) at these four sites.
Climate Controls of Productivity
ANPP and ST were positively correlated in the early growth period at two of the ungrazed sites from 1984 to 2013 (r ¼ 0.419, P ¼ 0.021 and r ¼ 0.418, P ¼ 0.022, respectively; see Fig. 2c and 2d) ; ANPP ¼ 5.871 Â ST þ 4.837 (r 2 ¼ 0.146, P < 0.05) and ANPP ¼ 5.954 Â ST À 5.851 (r 2 ¼ 0.145, P < 0.05), respectively, while no significant correlations were found at two other sites (see Fig. 2a and 2b) because ST did not increase significantly from 1984 to 2004. GT and TP jointly controlled ANPP during the peak growth period at two ungrazed sites (see Fig. 2c and 2d) , with positive correlations with GT (r ¼ 0.379, P ¼ 0.039 and r ¼ 0.460, P ¼ 0.011, respectively) and TP (r ¼ 0.459, P ¼ 0.011 and r ¼ 0.414, P ¼ 0.023, respectively) and ANPP ¼ 0.273 Â TP þ 13.072 Â GT À 70.926 (r 2 ¼ 0.226, P < 0.05) and ANPP ¼ 0.181 Â TP þ 11.804 Â GT À 72.881 (r 2 ¼ 0.266, P < 0.01), respectively.
N Deposition Effect on ANPP
ANPP of grasses (G ANPP ), forbs (F ANPP ), and total G ANPP and F ANPP , respectively, ranged from 27.2 g m 2 to 199.4 g m 2 , 2.2 g m 2 to 115.4 g m 2 and 54.0 g m 2 to 253.4 g m 2 during the 8-yr N addition experiment. Generally, N deposition increased ANPP across all treatments. An application of 90 kg N ha À1 yr À1 gave the highest G ANPP and total G ANPP and F ANPP (see Table 2 ), while no significant interactive effect of N versus year on ANPP was found (Table 3) . G ANPP and total G ANPP and F ANPP increased during the peak growth period from 2009 to 2016, excluding 2011 because of a high snowfall (72.2 mm), 110% above the multiyear average (34.4 mm). G ANPP and total G ANPP and F ANPP were strengthened by increased N deposition, especially during the high snowfall and higher spring/growth season temperatures in 2011. Total G ANPP and F ANPP were significantly correlated with snowfall (Table 4 ). The effect was less under minimal snowfall and lower temperatures in 2014, when SNOW Long-term trends in aboveground net primary production (ANPP) in the Bayinbuluk high-elevation grassland of the Tianshan mountains of central Asia. ANPP during early and peak growth are shown in a¡d at ungrazed sites. Black solid circles refer to early growth in spring. White circles refer to peak growth in summer. Significant trends are shown by a solid regression line with 95% confidence intervals.
Table 2
Effects of N addition on aboveground net primary production during the 8-yr experiment in the Bayinbuluk high-elevation grassland of the Tianshan mountains of central Asia. N application rates were (a) 0 kg N ha À1 yr À1 , (b) 10 kg N ha À1 yr À1 , (c) 30 kg N ha À1 yr À1 , and (d) 90 kg N ha À1 yr À1 . Significant differences of aboveground biomass between treatments are indicated by different letters. and ST were 23.9 mm and 4 C (i.e., below the averages of 34.4 mm and 5.1 C.
Discussion
Experiments that study changes in ecosystem productivity in response to climate change can help us better predict future trends (Campbell et al. 2017 ), but few have been made on the basis of in situ observations (Brookshire and Weaver 2015) . Studies using a model are not able to effectively explain the variability in productivity (Knapp et al. 2017; Konings et al. 2017) . Moreover, studies based on remote sensing were not able to reveal the relationship between ANPP and climate in an alpine grassland (Ye et al. 2013; Gao et al. 2016) . Estimating the ANPP of temperate grassland has often been difficult because of large variability in vegetation composition and structure. Therefore, long-term field observation was better than remote sensing and models to really reflect the change of grassland productivity. ANPP in the peak growing period was significantly correlated with precipitation of the previous September through current August from a long-term measurement in the Inner Mongolia grassland (Ma et al. 2010) . Our results show a significant increase in ANPP and spring temperature at ungrazed sites during the early growth period over the past 3 decades and indicate that spring temperature was a significant control of ANPP in the high-elevation grasslands. We found a similar significant increase in both ANPP and growing season temperature in the peak growing period (late summer or early autumn). There was a significant increase in precipitation between late October and July of the subsequent year (42% above and 40% below the multiyear average excluding 1994 and 2003) and with growing season temperature over this period to determine ANPP on ungrazed plots. An increase in vegetation growth and productivity was observed in many regions and grassland ecosystems using remotely sensed data (Cook and Pau 2013; Zhang et al. 2014; Park et al. 2016) , caused by a warming climate lengthening the growing season. However, continuing warming may offset the benefits of an earlier spring for Northern Hemisphere high latitudes (Zhao and Running 2010) . A sustained decline in productivity driven by increasing dryness has been observed in a subalpine grassland within the Greater Yellowstone Ecosystem over the past 4 decades (Brookshire and Weaver 2015) . Temperate high-elevation grasslands are covered by snow during a long winter, and productivity decreases under a shortened growing season length (Rammig et al. 2010) . Earlier snowmelt has also decreased grassland productivity with increasing risk of frost damage (Ernakovich et al. 2014 ). However, a warm spring advancing snowmelt translated into a significant positive effect on grassland productivity (Choler 2015) . Our longterm experiments provide direct evidence that warming in spring can promote plant growth in the early growing period in ungrazed high-elevation grassland.
Anthropogenic activity is altering the global climate and has greatly increased the atmospheric deposition of reactive N worldwide (Galloway et al. 2008; Liu et al. 2016) . Seasonal rainfall and snowfall determined grassland biomass under elevated carbon dioxide, and there was an interaction between precipitation and nitrogen (Hovenden et al. 2015) . A significant positive correlation was found between precipitation and aboveground biomass, while there was no consistent association among years with low precipitation, warming, and N addition responses (Henry et al. 2015; Li et al. 2015) . Warming can increase N availability by stimulating N mineralization (Rustad et al. 2001) , but increased plant biomass in response to warming can increase plant N demand . Responses of grassland productivity to warming, precipitation change, and N deposition increase can be complicated substantially by the influence of these factors on community interactions and ecosystem processes. However, the effect of the interaction of climate change with increased N deposition on ANPP is uncertain because there has been so little long-term monitoring. There is evidence that the interaction between climate and N deposition is contributing to long-term ANPP decline even when N deposition has not changed significantly, due to changing water availability (Brookshire and Weaver 2015) . In the Bayinbuluk high-elevation grasslands, these results show that increasing N deposition could increase ANPP. Our understanding of these effects and interactions is confirmed by our observation, in 2011, that a heavy snowfall and Table 4 Correlation coefficients and P values between aboveground net primary production during peak growth and SNOW, TP, ST, GT, and SWC at N addition experiment site. SNOW: total snowfall between late October and April of the subsequent year, TP: precipitation between late October and July of the subsequent year, ST: spring temperature from late April to May, GT: growth season temperature from late April to July, and SWC: soil water content at 10-cm depth in July. G ANPP 0, G ANPP 1, G ANPP 3, and G ANPP 9 means ANPP of grasses at 0, 10, 30, and 90 kg N ha À1 yr À1 , respectively. F ANPP 0, F ANPP 1, F ANPP 3, and F ANPP 9 means ANPP of forbs at 0, 10, 30, and 90 kg N ha À1 yr À1 , respectively. T ANPP 0, T ANPP 1, T ANPP 3, and T ANPP 9 means ANPP of total grasses and forbs at 0, 10, 30, and 90 kg N ha À1 yr À1 , respectively. P levels for significant relationship are shown at P < 0.05 * and P < 0.01. Table 3 Results of repeated measures analysis of variances with N addition (N) and year (Y) for aboveground net primary production of grasses, forbs, and total grasses and forbs from 2009 to 2016 in the Bayinbuluk high-elevation grassland of the Tianshan mountains of central Asia. P levels for significant relationship are shown at P < 0.05 and P < 0.01.
ANPP (grasses)
ANPP ( higher spring and growing season temperatures made ANPP and G ANPP in the peak growing period higher than that in other years. While in the dry yr (2014), F ANPP in the peak growing period was lower than in the past 8 yr under N deposition. These results suggest that N deposition may stimulate grass growth and suppress the growth of nongramineous forbs because grass has a higher nutrient utilization efficiency than frobs (Bai et al. 2010) . Grass displays conservative resource use strategies, with high C:N ratios, while forbs nutrient utilization strategies are acquisitive resource use strategies and have a lower C:N ratio (Zhao et al. 2019) . Despite this, our results provide the strongest evidence yet that ANPP is a response to multiple factors, including temperature, precipitation and N deposition. Our research predicts that ANPP will continue to increase with increasing temperature and precipitation, excluding extreme "dry" years in high-elevation grassland. However, continuous field monitoring of ANPP is essential if we are to determine the long-term response of other grassland ecosystems to climate change.
